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High-brightness electron bunches, such as those generated and accelerated in free-electron lasers (FELs),
can develop small-scale structure in the longitudinal phase space. This causes variations in the slice energy
spread and current profile of the bunch which then undergo amplification, in an effect known as the mi-
crobunching instability. By imposing energy spread modulations on the bunch in the low-energy section of
an accelerator, using an undulator and a modulated laser pulse in the centre of a dispersive chicane, it is pos-
sible to manipulate the bunch longitudinal phase space. This allows for the control and study of the instabil-
ity in unprecedented detail. We report measurements and analysis of such modulated electron bunches in
the 2D spectro-temporal domain at the FERMI FEL, for three different bunch compression schemes. We also
perform corresponding simulations of these experiments and show that the codes are indeed able to repro-
duce the measurements across a wide spectral range. This detailed experimental verification of the ability of
codes to capture the essential beam dynamics of the microbunching instability will benefit the design and
performance of future FELs.
I. INTRODUCTION
Laser heaters have proven to be invaluable components of
high-brightness, short wavelength free-electron lasers (FELs)
[1], utilised in order to suppress the microbunching instability
[1–3], a collective effect that can develop due to shot noise [4]
in the injector of such a machine, and undergo amplification
due to space-charge [1, 5] and coherent synchrotron radiation
effects [6–8]. Any small-scale structure in an electron bunch
can develop and amplify during acceleration, leading to dele-
terious effects in the FEL process at the high-energy end of the
machine. The laser heater in its nominal configuration consists
of a small dispersive chicane, in the centre of which is an undu-
lator. Co-propagating with the electron beam in the undulator
is a laser pulse which imposes a correlated energy spread mod-
ulation on the beam. At the exit of the chicane, this modula-
tion is removed due to the overlapping paths travelled in longi-
tudinal phase space by particles with different energies. The re-
sulting small uncorrelated energy spread increase on the bunch
in the low-energy section of the accelerator, means that small-
scale modulations are not able to propagate and amplify as a
result of collective effects, thereby improving the FEL spectral
power output. These devices are used routinely at a number
of short wavelength FEL facilities to improve the quality of the
light pulses produced by these machines [9–12].
A number of schemes that impose a density or energy mod-
ulation on an electron bunch have been proposed or verified
experimentally [13–23], either by passing the bunch through a
wakefield-generating structure, taking advantage of longitudi-
nal space-charge oscillations, or by manipulating the electron
bunch directly with a laser pulse, either at the point of gen-
eration or further down the accelerator. Methods of imposing
THz-scale modulations on an electron bunch could have wide-
ranging applications [24], from manipulating and accelerating
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particle beams [25–27] to scientific and industrial imaging ap-
plications [28, 29].
Recent experiments at the FERMI FEL [30] have investigated
the possibility of using a laser pulse with a non-uniform lon-
gitudinal intensity profile to impose energy spread modula-
tions on the bunch in the laser heater, thereby seeding the
microbunching at a known single frequency [31, 32]. This is
achieved through chirped-pulse beating, in which the laser
pulse is chirped and split in an interferometer, then recombined
with a variable delay on one of the interferometer arms [33]. The
beating frequency of this chirped pulse is then proportional to
the delay between the two pulses. This study builds on previous
work done on premodulated beams in storage rings [34]. By ap-
plying this technique to the laser pulse used for the laser heater
in its nominal configuration, the beating wavelength of this
modified pulse can be increased by orders of magnitude, thus
generating a laser pulse with an effective wavelength of a sim-
ilar order to the length of the electron bunch. The imposition
of such a laser pulse onto the electron bunch initially causes an
energy spread modulation, which is then mixed into the longi-
tudinal phase space such that there exists a modulation in both
energy and longitudinal density at the exit of the laser heater
chicane. This effect is then further enhanced through magnetic
bunch length compression.
In this paper we study the effect of imposing such a modu-
lated laser pulse on the electron beam in the FERMI laser heater
for three bunch compression scenarios, and for a range of laser
pulse modulation frequencies and laser pulse energies. By anal-
ysis of the full longitudinal phase space, rather than only the
current density, a more detailed picture of the microbunching
instability can be obtained, as the evolution of the microbunch-
ing instability through the oscillation between energy and den-
sity modulations can be investigated in full [35].
An additional long-standing problem concerns the reliabil-
ity of simulation codes in terms of their ability to reproduce the
effect of the microbunching instability, being a result of the col-
lective interaction of a large number of particles which occurs
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2on a small length scale [3, 4]. Full start-to-end simulations of
the experiments reported in this paper have been conducted in
order to assess the capability of existing codes to model this lon-
gitudinal phase-space manipulation, such that the measured
bunching at the end of the accelerator can be reflected in sim-
ulations. Accurate and reliable simulations are essential for the
design of systems and future experiments that require control
over the bunch profile. Our work comprises a systematic, ac-
curate and quantitative characterization of the microbunching
instability in codes and in measurements across a wide range
of machine configurations. By benchmarking the codes against
experimental measurements, we have demonstrated the feasi-
bility of simulating microbunching over a range of conditions.
The paper is laid out as follows. In Section II a brief review of
the theory of the microbunching instability is given. The accel-
erator lattice and bunch parameters are described in Section III,
and the chirped-pulse beating setup is outlined in Section IV.
Section V gives an overview of the codes used for simulating
the experiment. Some examples of longitudinal phase space
images at the linac exit for the various lattice configurations
are shown in Section VI, and in Section VII the microbunching
parameters for each of these bunch compression schemes are
analysed, and compared with results from simulations.
II. MICROBUNCHING INSTABILITY
Previous experimental studies of the microbunching instabil-
ity have analysed the structure along the longitudinal plane of
the bunch [2]; here, we use the procedure introduced in Ref. [35]
to analyse the bunching in both time and energy. An example of
the significance of the second of these parameters is in a free-
electron laser: if there are discrete energy bands in an electron
bunch upon its entrance to the undulator, this may result in the
generation of multicolour photon pulses. This is analogous to
the process that occurs in the first modulator and chicane of
the echo-enabled harmonic generation scheme [36]. As a re-
sult of longitudinal space charge (LSC) forces, there is a plasma
oscillation between energy and density modulations that devel-
ops along the machine [37, 38], and so the final longitudinal
phase space orientation of the microbunches will depend on
the plasma oscillation phase at this point. Analysis of the full
longitudinal phase space allows the plasma oscillation phase at
the measurement point to be determined.
Here, we briefly review the theory of microbunching due to
LSC and coherent synchrotron radiation (CSR). Since the space-
charge field experienced by an electron in the bunch is depen-
dent on neighbouring electrons, small deviations in the density
profile can cause a change in energy for a given electron. In
the vicinity of a peak in the longitudinal charge density, space-
charge forces can accelerate particles ahead of the peak and de-
celerate those behind. Over time, this changes a modulation in
the charge density to a modulation in the energy as a function
of longitudinal position in the bunch. Small variations in parti-
cle velocity (in low or medium energy bunches) then change the
energy modulation back into a density modulation.
Due to the mutual repulsion of electrons in a high-density re-
gion, and the subsequent variation in electric field that causes
acceleration and deceleration of particles, a longitudinal space-
charge oscillation between energy and density modulations
takes place, which depends on the LSC impedance ZLSC [5, 39].
In the case of a relativistic beam in a drift space, this oscillation
has a characteristic frequency given by [40]:
ωLSC = c
[
I0
γ3IA
k0
4pi|ZLSC (k0)|
Z0
]1/2
. 2c
rb
(
I0
γ3IA
)1/2
, (1)
with an initial modulation wavenumber k0 and IA ≈ 17 kA the
Alfvén current. The initial peak current I0 = nec for n electrons
per unit length, e the electron charge and c the speed of light.
Since this oscillation frequency is inversely proportional to the
beam energy, the period of the oscillation between energy and
density modulations can become large (on the order of 10s or
100s of metres) for ultrarelativistic beams. Nevertheless, due to
the long accelerating sections required to drive a short wave-
length FEL, this oscillation cannot be neglected when consider-
ing the evolution of the microbunching instability in such ma-
chines.
CSR emitted by a short bunch in a magnetic compressor
can cause self-interactions between the electrons in the bunch,
causing an increase in both the projected emittance and corre-
lated energy spread [41]. In the case of a bunch with density per-
turbations in the longitudinal phase space, there can be strong
CSR emission at the wavelength of the density modulation, in-
ducing a modulation in energy. The longitudinal dispersion R56
of the bunch compressor – which relates the change in longitu-
dinal position of a particle (relative to a reference particle) to its
energy – can then convert these energy modulations into den-
sity modulations, thereby enhancing the microbunching in lon-
gitudinal density.
The CSR impedance increases monotonically (but weakly)
with increasing k: i.e. the impedance (and hence the energy
modulation resulting from a given density modulation) is larger
at larger k, i.e. at smaller wavelength. In a bunch compression
chicane, the longitudinal density modulation is no longer fixed,
as the longitudinal motion in a dipole is coupled to the horizon-
tal motion, and the modulation wavelength reduces with the
bunch length.
Taking all of these effects into account, the microbunching
in the longitudinal phase space of a particle bunch can be de-
scribed using the bunching factor b [7]. When analysing mi-
crobunching in the longitudinal plane only, this bunching fac-
tor is described by the Fourier transform of the current density
of the bunch, which is influenced by the impedance functions
mentioned above. In order to extend this analysis to two dimen-
sions, we simply take the two-dimensional Fourier transform of
the longitudinal phase space density, ρt ,E :
b(k,m)= 1
N
∫ ∫
ρt ,Ee
−i (kt+mE)dtdE , (2)
where N is the number of particles, and k and m describe, re-
spectively, the frequency modulation in the temporal and en-
ergy planes [35].
III. ACCELERATOR PARAMETERS
A schematic of the FERMI linac is shown in Fig. 1. Electrons
are produced in a high-brightness electron gun, and accelerated
in Linac 0 (L0) to around 100 MeV. The laser heater consists of a
small dispersive chicane, in the centre of which is a short planar
undulator. Within this undulator, an infrared laser beam is su-
perimposed temporally and spatially onto the electron bunch,
3thus producing an energy spread modulation on a scale propor-
tional to the laser wavelength. This modulation is then removed
as the bunch exits the second half of the laser heater chicane.
The laser heater parameters are given in Table I – for more de-
tails on the system, see Ref. [11].
TABLE I: Laser heater system parameters
BEAM TRANSPORT
Chicane magnet bend angle 3.5 °
Transverse offset in chicane 30 mm
Dispersion 30 cm
Beam energy 96 MeV
Emittance 0.35 mm−mrad
Transverse beam size 70µm
UNDULATOR
Period 40 mm
Number of full periods 12
Undulator parameter K 0.88
LASER
Wavelength 783 nm
Spot size 120µm
Pulse length (FWHM) 16.5 ps
Pulse energy (maxmimum) 20µJ
Spectral bandwidth 5 nm
Linear chirp coefficient −1.5×1023 s−2
Delay between pulses 4–30 ps
At the exit of the laser heater section, the bunch is accelerated
in Linac 1 (L1) to an energy of around 300 MeV – this accelerat-
ing section also includes an X-band cavity to linearise the longi-
tudinal phase space, and therefore the bunch compression pro-
cess. The first variable bunch compressor, BC1, is located at the
exit of this linac, after which point the bunch is further acceler-
ated in the remaining accelerating sections, Linacs 2, 3, and 4. A
second variable bunch compressor, BC2, is located between L3
and L4. After L4, there is a full beam diagnostics suite, including
a vertically deflecting RF cavity and a dipole magnet for longitu-
dinal phase space measurements [42]. For the purposes of our
experiment, L4 was switched off, meaning that the final beam
energy at the diagnostic point was around 715 MeV for one of
the compression schemes, and around 780 MeV for the other
two. The temporal and energy resolutions provided at the di-
agnostics station were around 10 fs and 100 keV, respectively.
FIG. 1: Schematic of the FERMI linac (not to scale). The beam
is produced and accelerated initially in the gun (G), and is
subsequently accelerated in linacs L0 – 4. The laser heater
(LH), used for manipulating the electron bunch longitudinal
phase space, is located between L0 and L1. The two variable
bunch compressors are labelled as BC1 and BC2. At the exit of
L4, the beam is streaked via the transverse deflecting cavity
(TC) and observed in the diagnostics beam dump (DBD) line
after passing through a spectrometer dipole (SP) and being
imaged on a screen (SCR).
Measurements of the bunch longitudinal phase space were
made at the diagnostics beam dump (DBD) screen. Three dif-
ferent machine configurations were employed for this study,
TABLE II: Main beam parameters of the FERMI accelerator at
the end of Linac 4 for the three compression schemes.
Bunch parameters BC1 only BC2 only BC1+BC2
Bunch charge (pC) 100 100 100
Beam energy (MeV) 775 715 780
Chicane bending angle (mrad) 105 90 105 + 28.5
Relative energy spread dE/E (%) 0.5 0.4 0.05
Longitudinal dispersion R56 (mm) −20.9 −10.6 −22.5,−3.5
Peak current (A) 620 540 650
Energy chirp (%/mm) −8.7 −5.6 −1.0
corresponding to different combinations of bunch compressors
used to compress the beam: BC1 only, BC2 only, and a combi-
nation of BC1 with BC2 – the lattice and beam parameters are
summarised in Table II. For each of these three lattice configu-
rations, the longitudinal phase space was measured for a num-
ber of settings of the laser heater, including variations in power
and intensity modulation wavelength.
IV. CHIRPED-PULSE BEATING
Modulation of the laser heater pulse in FERMI is achieved
through chirped-pulse beating [33]. The initial pulse (Gaussian
in both the transverse and longitudinal dimensions) is stretched
temporally (or ‘chirped’), then split in a Michelson interferome-
ter, one arm of which has a variable length. The two laser pulses
are recombined, and they overlap in the temporal domain. By
varying the length of the interferometer arm, a delay between
the two pulses can be created, giving rise to a laser pulse with a
beat frequency that is directly related to the delay τ. The inten-
sity profile of such a laser pulse is given by [18, 43]:
Itot (t ,τ)= E02
(
∆t0
∆t1
)[
e(−2a1(∆t1)(t+τ/2)
2)+e(−2a1(∆t1)(t−τ/2)2)
+
(
e(−2a1(∆t1)(t+τ/2)
2) cos(ω0τ+2b1(∆t0∆t1)tτ)
)]
,
(3)
with E0 the field strength of the initial pulse, ∆t0 the Gaus-
sian half-width of the initial pulse, ∆t1 the stretched pulse half-
width, ω0 the centre of the optical pulse spectrum, and
a1(∆t1)= 2ln(2)
∆t21
, (4a)
b1(∆t0,∆t1)= 2ln(2)
∆t0∆t1
. (4b)
For a frequency chirp rate of µ (i.e. the rate of change of fre-
quency with time), the beat frequency of the modulated laser
is given by f (τ,µ) ≈ µτ/2pi [33]. Using the parameters given in
Table I, we calculate the beating frequency of the laser as α ·τ,
where α = −∆λc
λ2∆σ
is the linear chirp coefficient for a laser pulse
with bandwidth ∆λ and ∆σ the difference in pulse length be-
tween the stretched and compressed pulses. The final modu-
lation λ f on the bunch after compression is then equivalent to
the initial modulation λi divided by the compression factor C ,
which in this case is approximately in the range 20–25 for the
various compression schemes.
4-30 -20 -10 0 10 20 300
1
2
3
4
Time (ps)
In
te
ns
ity
(arb.
un
its
.)
(a)
-30 -20 -10 0 10 20 300.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
Time (ps)
In
te
ns
ity
(arb.
un
its
.)
(b)
-30 -20 -10 0 10 20 300.0
0.5
1.0
1.5
2.0
Time (ps)
In
te
ns
ity
(arb.
un
its
.)
(c)
FIG. 2: Calculated intensity profiles (blue) of modulated laser
pulses (from Eq. 3) for delays between pulses of: above: 4 ps;
middle: 8ps; bottom: 16ps. The intensity profiles for the two
separated laser pulses before recombination are shown in
green.
By applying the chirped-pulse beating technique, we can ob-
tain a range of longitudinal laser intensity profiles. Some exam-
ples are shown in Fig. 2. The flexibility of laser intensity modu-
lations provided by this technique can lead to the generation of
a range of customisable longitudinal electron beam profiles.
In order to cross-check the measured electron bunch mod-
ulation period with the beating wavelength of the laser pulse,
measurements of the variation in energy spread along the
bunch were taken at the low-energy RF deflecting cavity, located
at the exit of BC1 (see Fig. 1). In this case, the bunch was un-
compressed. The modulation period along the length of the
bunch was extracted for a range of values of the laser beating
delay τ. Fig. 3 shows the variation of delay between pulses and
the corresponding modulation period on these bunches, along
with values for the beating wavelength of the laser pulse from
the theory. It can be seen that the measurements agree well
with the predictions. With a variation of the delay τ between
4 ps and 30 ps – corresponding to initial modulations imposed
on the bunch in the range 0.6–4.5 THz – we are able to probe a
wide range of modulated longitudinal phase spaces.
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FIG. 3: Measured (blue) and predicted (red) modulation period
on the electron bunch as a function of interferometer delay τ,
with an uncompressed bunch.
V. SIMULATION TOOLS
Simulations of the FERMI injector (up to the exit of Linac 0,
see Fig. 1) have been produced using the General Particle Tracer
(GPT) code [44]. In order to match accurately the simulation
to experimental conditions, the measured transverse and lon-
gitudinal profiles of the photoinjector laser were used as input
parameters to the simulation, along with geometric wakefields
from the injector linac. Full 3D space-charge effects were also
included. The injector linac phase was optimised for minimal
energy spread – as is done in the routine procedure of linac tun-
ing – and good agreement was found between the simulated
and experimentally measured bunch properties at the exit of the
injector.
From this injector simulation, the bunch is smoothed using
a Poisson distribution, in order to simulate the shot noise aris-
ing in the low-energy section of the machine. The bunch is then
tracked using the ELEGANT code [45] through the rest of the ma-
chine up to the DBD screen. Effects of linac wakefields [46, 47]
and the laser heater, and 1D CSR [48] and LSC models [40] are
included in the tracking. The code computes the impedances
of these collective effects based on a binned histogram of the
longitudinal density distribution. The effect of the transverse
deflector and propagation of the beam to the diagnostics line is
also included, providing a complete simulation of the measure-
ment.
5By comparing the measured and simulated bunching factors,
it is possible to determine an optimal setting for the number of
bins (and the number of macroparticles) to be used in simula-
tions of the microbunching instability. In our case, since the ra-
tio between the initial density modulation wavelength and the
bunch length in the laser heater undulator is known, it is pos-
sible for the simulation code to find a balance between under-
and over-estimating the effect of CSR and LSC [49]. The user
can also apply a high-pass filter in order to control the effect of
numerical noise in the simulation.
The ELEGANT code also provides the functionality to simulate
the interaction between an electron and a user-defined laser
pulse in an undulator. By tracking a bunch through the laser
heater undulator using pulses generated based on the param-
eters given in Table I and Eq. 3, it is possible to reproduce the
measured effect of a temporally modulated laser heater pulse
on the electron beam.
VI. INDUCEDMODULATION INDIFFERENT COMPRESSION
SCHEMES
The electron beam longitudinal phase space was measured
for a number of machine configurations: in addition to varying
the bunch compression process using combinations of the two
variable bunch compressors, the microbunching was seeded in
the laser heater for a range of initial modulation wavelengths
and laser pulse energies. The timing between the electron beam
and the laser in the laser heater chicane can also be varied, al-
lowing for timing scans that provided the largest amplification
of the microbunches. In this section, we present some sample
measurements of the longitudinal phase space for three bunch
compression schemes and their associated Fourier transforms.
A. Double Compression
We begin by analysing the features in the longitudinal phase
space for the double compression scheme, i.e. using both mag-
netic chicanes. Some example images are shown in Fig. 4. In
this case, the delay between the two laser pulses in the laser
heater was set to 12 ps (λi = 166µm and λ f = 7.2µm for C =
23), and the initial laser pulse energy (before splitting and re-
combination) was varied between 0.1µJ and 10µJ, correspond-
ing to an added energy spread (in the single pulse mode) be-
tween 5 keV and 50 keV. Qualitatively, it can be seen that, as
the laser pulse energy increases, the longitudinal density mod-
ulations in the bunch become increasingly pronounced, and for
the largest laser pulse energy shown (Fig. 4d), the modulation in
the slice energy spread along the bunch becomes more promi-
nent. These images are representative of the majority of mea-
surements taken over 20 shots, although there was some varia-
tion in the bunch length due to jitter in the RF structures. As a
result, the statistical analysis presented below (Sec. VII) was per-
formed only for those bunches in which the current profile was
close to the nominal value of around 600–650 A in the bunch
centroid.
Through the use of 2D Fourier analysis, it is possible to mea-
sure the bunching factor along both axes of the longitudinal
phase space simultaneously. This method has the added benefit
of providing a measurement of the plasma oscillation phase of
the microbunches as they transition between energy and den-
sity modulations [35]. The variation in modulation frequency
and bunching factor as a function of laser heater energy can be
quantified by analysing the 2D Fourier transform of the longitu-
dinal phase space. Examples of such transforms (corresponding
to the machine settings used for the images in Fig. 4, but aver-
aged over a number of shots) are shown in Fig. 5. In this case, the
sidebands that are offset from the DC term in the centre of each
image in the Fourier transform characterise the bunching in en-
ergy and longitudinal density. The positions and amplitudes of
the sidebands provide measurements of the microbunching pe-
riod, phase and amplitude.
In the case of a 12 ps initial beating delay, corresponding to
an initial modulation frequency νi of 1.8 THz, the final mea-
sured bunching period corresponds to a frequency ν f in the
range 40–45 THz. By normalising the pixel intensity in Fourier
space to the maximal value (at the centre), a measurement of
the bunching factor as a function of frequency in both dimen-
sions (energy and time) can be obtained (see Sec. VII C below).
The relationship between the initial bunching frequency im-
posed by the modulated laser in the laser heater, the compres-
sion factor (around 23) and the final bunching frequency has
been measured for one laser heater beating frequency; we can
now begin to analyse the development of microbunching for a
range of different settings. The beating delay τ was varied be-
tween 8 and 20 ps for this compression scheme. Some example
longitudinal phase space measurements for two settings of the
initial beating frequency νi – 1.2 THz and 2.4 THz – are shown in
the top row of plots in Fig. 6. In this case, the initial laser pulse
energy was set to 3.5µJ. In the longitudinal phase spaces, it can
be seen that the number of microbunches present in the bunch
increases with the beating frequency.
For a compression factor of 23, these values of νi (1.2 THz and
2.4 THz) correspond to a predicted final bunching frequency ν f
of 30 THz and 55 THz, respectively. We quantify this by mea-
suring the position of the satellites in Fourier space relative to
the DC term, as shown in the bottom row of plots in Fig. 6. The
separation of the satellites from the DC term varies as a func-
tion of the initial modulation, and agreement between the pre-
dicted and measured final bunching frequency can clearly be
seen. This relationship is characterised for all three compres-
sion schemes, discussed in Sec. VII B.
B. Single Compression
A similar set of measurements to those detailed above were
taken for bunches compressed using only BC2, the second
bunch compressor. This resulted in the electron beam propa-
gating with a lower peak current and uncompressed imposed
modulations for a longer distance, meaning that short-range
collective effects between the microbunches were relatively
suppressed compared to a scheme in which the bunch is com-
pressed at an earlier point in the lattice. In this machine con-
figuration, a beam scraper was applied in the bunch compres-
sor in order to suppress a large current spike at the head of the
bunch (due to strong nonlinear compression), without having a
measurable effect on the modulations in the rest of the bunch.
In the case of bunches compressed using BC1 only, the lon-
gitudinal charge density of the bunch was high during the re-
mainder of the acceleration process. This resulted in a larger
impact on the energy spread of the bunch via Landau damp-
ing, and so the range of viable settings of the laser heater power
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FIG. 4: Single-shot measured longitudinal phase space for BC1 and BC2 bending angles set to 105 mrad and 28.5 mrad, respectively,
for a laser heater beating frequency of 1.8 THz. The initial laser pulse energy from left to right was set to: 0.08µJ, 0.6µJ, 2.9µJ and
6.8µJ.
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FIG. 5: Measured Fourier transform (averaged over 20 shots) for the same machine settings as in Fig. 4 (BC1 + BC2 compression).
The bunching factor b is shown in the legend.
was smaller than in the other two compression schemes: for 1µJ
laser pulse energy and above, no significant modulation was ob-
served on the bunch at the end of the linac. Example images
of the measured longitudinal phase spaces for these two con-
figurations – with an initial beating frequency of 1.8 THz – are
shown in Fig. 7. Across all three compression schemes, the final
bunching periods observed generally agree well with the wave-
length of the modulated laser heater pulse (see Sec. VII B for fur-
ther analysis), demonstrating the flexibility of this technique for
producing strongly modulated bunches over a range of bunch-
ing periods.
VII. COMPARISON BETWEENMEASUREMENTS AND
SIMULATIONS
There are a number of parameters that can be extracted from
both the measurements and simulations of the longitudinal
phase space of modulated beams. In addition to the longi-
tudinal phase space itself, microbunching parameters such as
the modulation period on the bunch, the bunching factor, and
the plasma oscillation phase can be measured using 2D Fourier
analysis. In this section, these parameters will be characterised
and compared between measurement and simulation. A wide
range of initial modulation frequencies are imposed across mul-
tiple bunch compression schemes, and so we can study the de-
velopment of the microbunching instability in detail.
A. Simulated Longitudinal Phase SpaceMeasurements
Having measured the effect of the modulated laser heater
pulse on the electron beam for a range of pulse energies, it is
instructive to compare these measurements with those from
simulation. ELEGANT simulations were performed using the
same parameters as were used in the measurements shown in
Fig. 4. Collective effects and the modulated laser pulse in the
laser heater were included (using the analytical expression for
the laser pulse modulation, Eq.3). By including the effect of
the deflecting cavity at the end of the linac, and using the same
calibration factors as the measurement (pixel to mm to ps and
MeV), the simulation produced the longitudinal phase space
images shown in Fig. 8.
Due to the large number of machine configurations, laser
heater pulse energies and modulation wavelengths, the major-
ity of simulations were run for only 105 macroparticles – a rela-
tively small number compared with the real number of particles
in the bunch. A convergence study was conducted for a subset
of the experimental parameters using up to 107 macroparticles,
and varying the number of longitudinal density bins used for
the CSR and LSC calculations. It was found that even this lower
number of particles was able to reproduce the measured bunch-
ing. In cases where the modulation frequency on the bunch is
smaller than that used in this experiment, it is expected that it
would be necessary to run a larger simulation. Nevertheless,
it can be seen that the simulation is able to reproduce the mi-
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FIG. 6: Single-shot measured longitudinal phase space (above)
and Fourier transform (averaged over 20 shots, below) for the
same lattice settings as in Fig. 4, but with initial beating
frequencies of 1.2 (left) and 2.4 (right) THz, and an initial laser
pulse energy of 3.5µJ. The colour scale, b, denotes the
bunching factor (Eq. 2).
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FIG. 7: Single-shot measured longitudinal phase space for
bunches compressed using BC1-only (left) and BC2-only
(right), with an initial beating frequency of 1.8THz.
crobunching effects observed in the measured data: the final
longitudinal phase space with a low-energy laser pulse exhibits
similar macroscopic properties (in terms of total bunch length
and energy spread); and the microbunching in the phase space
becomes more prominent as the laser pulse energy increases.
There is not an exact match between the simulated and exper-
imentally measured distributions, in particular at the head and
tail of the bunch, but the peak current in the bunch core and
the periodicity of the modulations is similar (discussed below,
Sec. VII B). The slice energy spread for the BC2-only case in the
bunch core is slightly larger than the measured value, but there
is good agreement for the bunching factor between the two (see
Sec. VII C)
An example of the simulated longitudinal phase space for the
two single-compression configurations – with an initial beating
frequency of 1.8 THz – is shown in Fig. 9. It can be seen in both
of these cases that the simulation is able to reproduce the exper-
imentally measured macroscopic bunch properties (see Fig. 7),
in terms of bunch length and energy spread, and that the modu-
lations imposed have a similar periodicity. The bunching period
and bunching factor is characterised in the subsections below.
B. Modulation Period
The periodicity of microbunching in the electron bunch can
be quantified as a function of either the longitudinal or energy
density modulations. This can be achieved by projecting the 2D
Fourier representation of the bunch images shown above onto
the frequency or inverse energy axis. By doing this, we lose in-
formation concerning the correlative relationship between the
microbunching along both axes, but this 1D information can
provide a useful benchmark for simulation and theory. Addi-
tionally, one quantity may be more pertinent than another, for
example when multi-colour FEL pulses are desired (in which
case the bunching in energy is more significant), or for cases in
which multiple bunches separated by time are required (and so
longitudinal density modulations are important).
In order to calculate the 1D projection of the bunching along
the frequency axis, we select one of the satellites in Fourier
space, and analyse only modulations above a specified fre-
quency, so as not to include the DC term in our analysis, as
this only provides information about the bulk structure of the
bunch. As the laser heater pulse energy increases from zero,
there is often a point at which the bunching factor at a given fre-
quency reaches a maximum point, eventually decreasing in am-
plitude as the bunch slice energy spread becomes larger. This
increase in slice energy spread reduces the depth of the modu-
lations, in which case the modulated laser pulse effectively acts
as a laser heater in its standard configuration.
A full summary of the relationship between the initial beat-
ing frequency and the final measured modulation frequency for
all three compression schemes is shown in Fig. 10. By calcu-
lating the compressed frequency of the laser pulse in the laser
heater, and comparing this with the measured frequency of the
modulation on the bunch, it can be seen that, across all three
compression schemes, the agreement is good. Each point on
this plot represents the mean modulation frequency across a
range of laser heater pulse energies – this parameter stayed rel-
atively constant for a wide range of values. A measurement of
the compression factor that is independent of the modulation
wavelength is the peak current of the bunch, which can be ob-
tained by calculating the charge density in the bunch core. We
found excellent agreement between these two measurements of
the bunch compression factor.
Two different curves are presented for the compressed laser
wavelength. This is due to the fact that the bunch compres-
sion was not exactly the same for all three lattice configura-
tions; namely, the bunch was slightly longer in the BC2-only
configuration (see Table II). This presents a simple linear corre-
lation between the initial laser beating frequency and its com-
pressed value. There is some divergence between this simple
model and the measured/simulated final modulation frequency
8(a) (b) (c) (d)
FIG. 8: Simulated longitudinal phase spaces for the same machine settings as Fig. 4 (BC1 + BC2 compression)
(a) (b)
FIG. 9: Single-shot simulated longitudinal phase space for
bunches compressed using BC1-only (left) and BC2-only
(right), with an initial beating frequency of 1.8THz.
on the bunch itself for larger initial beating frequency. This
might be due to nonlinear effects impacting the modulation on
the bunch, or the fact that the laser pulse energy was not suffi-
ciently strong to imprint significant modulations on the bunch
at these values of νi .
We also compare the measured values with those produced
by simulation, and it can be seen that the agreement here is
good in most cases. By varying either the initial beating fre-
quency or the compression factor, this technique could easily
produce modulations on the bunch over an even wider range.
Due to the limitations of the pixel resolution of the mea-
surement system, it was not possible to resolve microbunch-
ing at periods shorter than around 2µm, as this approaches
the Nyquist limit of the system. Only a small initial laser
pulse energy (< 2µJ) was required to override the ‘natu-
ral’ microbunching such that the period at which the peak
bunching factor is measured corresponds to the modulation
imposed in the laser heater. It can also be seen that the sim-
ulated values of the bunching period agree well with the mea-
surements.
C. Bunching Factor
It is also possible to quantify the maximum bunching factor
as a function of bunching period for each of the initial beating
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FIG. 10: Final measured modulation frequency ν f as a function
of initial laser heater beating frequency νi for all three
compression schemes. The dashed lines show a simple
correlation between the initial and compressed laser frequency
at two different compression factors (CF ≈ 20 for BC2-only;
CF ≈ 23–25 for BC1-only and BC1+BC2); solid circles show
measured values and solid triangles show simulated values.
wavelength settings – see Fig. 11. Each maximum corresponds
to the largest bunching factor for a given laser pulse energy, ir-
respective of the modulation frequency. This plot shows the
bunching factors for the double compression scheme. It can
be seen that, in most cases, as the initial laser pulse energy in-
creases, the maximum bunching measured reaches a peak for
each setting of the initial beating frequency, eventually falling to
a lower level as the energy spread induced in the laser heater un-
dulator reduces the amplitude of the modulations in the bunch.
We also note that the results from simulation are able to capture
the trends observed across the full range of modulation wave-
lengths, although there are discrepancies in terms of the abso-
lute values of the bunching factor in some cases. This is due to
a combination of factors: the statistical variation in the exper-
imental results arise both from the fact that microbunching is
inherently a phenomenon based on noise, and from jitter in the
RF system causing bunch length variation from shot to shot; ad-
ditionally, the simulations do not account for the full 3D collec-
tive effects for the actual number of particles in the bunch, such
as the influence of transverse space-charge and CSR forces.
A comparison between the simulated and measured max-
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FIG. 11: Maximum bunching factor as a function of initial laser
pulse energy for a range of initial beating wavelengths in the
double compression scheme. Measured bunching factor is
shown by solid lines, and dashed lines show the simulated
values. The error bars represent the standard deviation in
maximum bunching factor over 20 shots.
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FIG. 12: Maximum bunching factor – measured (circles) and
simulated (triangles) as a function of νi for the three
compression schemes (given in the legend).
imum bunching factor across all three bunch compression
schemes is shown in Fig. 12. The results shown cover the ranges
of initial laser beating frequencies used for each configuration.
A general trend of higher levels of bunching at lower beating fre-
quencies is observed (resulting in a longer bunching period on
the bunch at the end of the linac). This is a result of the fact that
the maximum intensity of the laser pulse for a given initial pulse
energy decreases as the beating frequency increases (see Fig. 2).
There is some discrepancy between measurement and simula-
tion in terms of the absolute value of the maximum bunching
factor in some cases, but our results show that the code is able
to reproduce the trend observed experimentally.
D. Energymodulation
As in the previous case of bunching in longitudinal density,
the bunching in energy can also be studied (as shown in Fig. 13).
We restrict this analysis to just the single-compression schemes,
which exhibited significant bunching in both energy and time,
since in the case of double compression, the bunches were sep-
arated only in time, with the mean slice energy remaining con-
stant. For the single compression schemes, we can project the
2D Fourier transform of the longitudinal phase space onto the
energy axis, revealing the point of maximum bunching in en-
ergy. It can clearly be seen that, as the initial laser heater beating
delay is increased (therefore increasing the frequency of modu-
lations imposed on the bunch), there is a reduction in the mea-
sured periodicity along the energy axis. This bunching in energy
is of interest for FELs, in particular schemes which aim to pro-
duce multi-colour pulses of light [25, 31].
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FIG. 13: Measured energy modulation at the peak bunching
factor as a function of initial beating frequencies for a fixed
laser heater power. Results for BC1-only and BC2-only
compression schemes are shown, since for the case of
BC1+BC2 the bunches exhibited modulations purely in
longitudinal density.
As with the analogous case for a projection onto the longi-
tudinal axis described above (Sec. VII B), the modulation in en-
ergy is prominent for low settings of the laser heater energy, and
eventually decays as Landau damping reduces the depth of the
modulations in the bunch. The results for the period and ampli-
tude of bunching along the time and energy axes demonstrate
the flexibility of the 2D Fourier transform technique for analysis
of the longitudinal dynamics of modulated bunches.
E. Microbunch angle
One feature of a microbunched beam that can only be pa-
rameterised by analysing the full longitudinal phase space is
the angle of rotation of the microbunches. As mentioned above
(Sec. II), the LSC forces within the bunch can cause a plasma
oscillation between microbunching in energy and longitudinal
density over a sufficiently long distance. This manifests itself as
a rotation of the microbunches in longitudinal phase space [35].
This process of rotation is further enhanced by bunch compres-
sion, which causes a shearing in the phase space. From the
perspective of the generation of radiation in a light source, the
plasma oscillation phase can be of vital importance for opti-
mising the quality of the electron beam, and so its characteri-
sation can provide valuable information. For example, in order
to produce a monochromatic photon beam, the electron beam
must also be monoenergetic, and this will not be the case if the
plasma oscillation has caused bunching in energy at the undu-
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lator.
The plasma oscillation phase (θp ) of a microbunched beam
can be measured using the 2D Fourier transform of the bunch
image. As above, we focus our analysis on the satellites around
the DC term in Fourier space. In this case, the plasma oscilla-
tion phase (i.e. the orientation angle of the microbunches) is
given by the angle of the satellites in 2D frequency space with
respect to the central term. Since the modulation period in en-
ergy and longitudinal density can be different by at least an or-
der of magnitude (due to the difference between bunch length
in ps and the energy spread in MeV), we have measured the ‘nor-
malised’ plasma oscillation phase (θp,N ) as arctan
(
E¯mod/ f¯mod
)
,
where E¯mod , f¯mod denote the modulation frequencies in Fourier
space for these two normalised axes, respectively. Using a
method similar to transverse phase space tomography analysis
[50], the frequencies were normalised with respect to the bunch
length and energy spread of the beam. In this case, a pure den-
sity modulation – similar to that observed for the double com-
pression scheme (see above, Sec. VI A) – will give θp,N = 0 or pi,
whereas a pure energy modulation produces θp,N = ±pi/2. Any
intermediate value between these pure modulations along one
axis indicates that there is some mixing between bunching in
energy and in density. More details on the measurement of this
parameter can be found in Ref. [35].
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FIG. 14: Bunching factor as a function of plasma oscillation
angle θp,N for all three bunch compression schemes, each with
an initial laser heater beating frequency of 1.8 THz. Each curve
represents the mean bunching factor over 20 shots; solid lines
show the measured bunching factor, and dashed lines show the
corresponding simulations.
Measurements of the bunching factor as a function of plasma
oscillation phase are shown in Fig. 14 for all three compression
schemes. In each case, the initial beating frequency was set to
1.8 THz. We also show the simulated values for this parameter,
with quite good agreement for all three compression schemes.
It can be seen from the figure that, in the case of the double
compression scheme, the bunch exhibited a modulation almost
entirely in density (given that the maximum bunching factor is
located around θp,N ≈ 0). This can be seen in the longitudinal
phase space plots, in which the orientation of the microbunches
results in a density modulation. In the case of single compres-
sion with BC1-only and BC2-only, there is a clear mixing be-
tween energy and density modulations, given that θp,N at the
location of maximum bunching factor has a non-zero value. In
such a case, the current profiles of these bunches exhibit clear
modulations in both energy and longitudinal density, demon-
strating that a purely 1D analysis would be insufficient to de-
scribe the microbunching for these more complex structures.
VIII. CONCLUSION
In this paper, the development of the microbunching insta-
bility in a high-brightness electron linac has been investigated
for a range of lattice and laser heater parameters. Through the
use of a laser pulse that has been modulated by means of the
chirped-pulse beating technique, and imposing this modula-
tion on the energy spread of the electron bunch while propagat-
ing through the laser heater undulator, microbunching can be
stimulated over a range of modulation wavelengths. By study-
ing the longitudinal phase space of the electron bunch at the
exit of the linac, in particular, by measuring the modulation am-
plitude (or bunching factor), it is possible to benchmark models
for the microbunching instability. In addition, this technique
provides a wide range of possible longitudinal phase space con-
figurations through the variation of the laser pulse properties
and the lattice parameters, and will be of interest for schemes
which require microbunches that are separated in time or in en-
ergy. It was found that all three compression schemes resulted
in similar maximum bunching factors. In the case of bunches
compressed using only the first bunch compressor, the modu-
lations on the bunch did not persist for even moderate settings
of the laser heater energy, as a result of increased Landau damp-
ing for a bunch that propagated for a longer time with a short
bunch length. On the other hand, the BC2-only compression
scheme allowed for the manipulated bunches to persist with
strong bunching over a wider range of laser heater energies.
We used a high-fidelity simulation of the FERMI injector us-
ing the GPT code, based on experimentally measured photoin-
jector laser parameters and including collective effects such
as 3D space charge and geometric wakefields in the RF cavi-
ties. The simulated injector bunch was then tracked through
the remainder of the accelerator lattice using ELEGANT, a code
that is well-suited to simulating the microbunching instabil-
ity, as it can both tackle large numbers of particles relatively
quickly and model the most pertinent collective effects (LSC
and CSR). Given that the properties of the bunch longitudinal
phase space are well defined at the exit of the injector and in the
laser heater, we were able to produce a comparison between the
simulated and experimental measurements of the bunching at
the exit of the linac, analysing both the modulation depth and
the final bunching period. In terms of the latter parameter, the
simulation was able to reproduce accurately the measured re-
sults, demonstrating that this small-scale structure can persist
through a long, complex accelerator lattice. The ELEGANT code
employs 1D models for longitudinal space charge and coher-
ent synchrotron radiation impedances, but it is still able to cap-
ture the physics of microbunching in its 2D content. This sys-
tematic comparison of microbunching in simulated and exper-
imentally measured beams across a wide range of parameters
suggests that the results from this code can be relied upon for
future accelerator designs in which microbunching is expected
to be an issue. The agreement between simulation and mea-
surement for the bunching factor is quite good in many cases,
and so this work provides a basis for simulating microbunching
and longitudinal phase space manipulation in future accelera-
tors, for example in beam-driven plasma wakefield acceleration
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or novel FEL schemes.
IX. ACKNOWLEDGEMENTS
The authors acknowledge support from the Science & Tech-
nology Facilities Council, UK, through a grant to the Cockcroft
Institute, and the Industrial Liaison Office of Elettra Sincrotrone
Trieste.
[1] E. L. Saldin, E. A. Schneidmiller, and M. V. Yurkov. Longitudinal
space charge-driven microbunching instability in the TESLA Test
Facility linac. Nucl. Instrum. Meth. A, 528(1):355, 2004.
[2] D. Ratner, C. Behrens, Y. Ding, Z. Huang, A. Marinelli, T. Maxwell,
and F. Zhou. Time-resolved imaging of the microbunching insta-
bility and energy spread at the Linac Coherent Light Source. Phys.
Rev. ST Accel. Beams, 18:030704, 2015.
[3] M. Borland, Y. C. Chae, P. Emma, J. W. Lewellen, V. Bharadwaj,
W. M. Fawley, P. Krejcik, C. Limborg, S. V. Milton, H.-D. Nuhn,
R. Soliday, and M. Woodley. Start-to-end simulation of self-
amplified spontaneous emission free electron lasers from the gun
through the undulator. Nucl. Instrum. Meth. A, 483(1):268, 2002.
[4] J. Qiang, Y. Ding, P. Emma, Z. Huang, D. Ratner, T. O. Rauben-
heimer, M. Venturini, and F. Zhou. Start-to-end simulation of the
shot-noise driven microbunching instability experiment at the
Linac Coherent Light Source. Phys. Rev. Accel. Beams, 20:054402,
2017.
[5] M. Venturini. Models of longitudinal space-charge impedance for
microbunching instability. Phys. Rev. ST Accel. Beams, 11:034401,
2008.
[6] S. Heifets, G. Stupakov, and S. Krinsky. Coherent synchrotron ra-
diation instability in a bunch compressor. Phys. Rev. ST Accel.
Beams, 5:064401, 2002.
[7] Z. Huang and K.-J. Kim. Formulas for coherent synchrotron radi-
ation microbunching in a bunch compressor chicane. Phys. Rev.
ST Accel. Beams, 5:074401, 2002.
[8] G. Bassi, J. A. Ellison, K. Heinemann, and R. Warnock. Mi-
crobunching instability in a chicane: Two-dimensional mean field
treatment. Phys. Rev. ST Accel. Beams, 12:080704, 2009.
[9] J. Lee, J.-H. Han, S. Lee, J. Hong, C. H. Kim, C. K. Min, and I. S.
Ko. PAL-XFEL laser heater commissioning. Nucl. Instrum. Meth.
A, 2016.
[10] M. Pedrozzi, M. Calvi, R. Ischebeck, S. Reiche, C. Vicario, B. D. Fell,
and N. R. Thompson. The laser heater system of SwissFEL. Pro-
ceedings of FEL’14, Basel, Switzerland, 2014.
[11] S. Spampinati, E. Allaria, L. Badano, S. Bassanese, S. Biedron,
D. Castronovo, P. Craievich, M. B. Danailov, A. Demidovich,
G. De Ninno, S. Di Mitri, B. Diviacco, M. Dal Forno, E. Fer-
rari, W. M. Fawley, L. Fröhlich, G. Gaio, L. Giannessi, G. Penco,
C. Serpico, C. Spezzani, M. Trovò, M. Veronese, S. V. Milton, and
M. Svandrlik. Laser heater commissioning at an externally seeded
free-electron laser. Phys. Rev. ST Accel. Beams, 17:120705, 2014.
[12] M. Hamberg, F. Brinker, M. Scholz, B. Manschwetus, S. Koehler,
L. Winkelmann, and I. Hartl. Electron beam heating with the Eu-
ropean XFEL laser heater. Proceedings of FEL’17, Santa Fe, NM,
USA, 2017.
[13] P. Ungelenk, M. Höner, H. Huck, S. Khan, C. Mai, A. Meyer auf der
Heide, C. Evain, C. Swzaj, and S. Bielawski. Continuously tunable
narrowband pulses in the THz gap from laser-modulated electron
bunches in a storage ring. Phys. Rev. Accel. Beams, 20:020706,
2017.
[14] Z. Zhang, L. Yan, Y. Du, W. Huang, C. Tang, and Z. Huang. Gener-
ation of high-power, tunable terahertz radiation from laser inter-
action with a relativistic electron beam. Phys. Rev. Accel. Beams,
20:050701, 2017.
[15] G. Zhao, S. Zhao, S. Huang, and K. Liu. Strong electron den-
sity modulation with a low-power THz source for generating
THz superradiant undulator radiation. Phys. Rev. Accel. Beams,
22:060701, 2019.
[16] S. Antipov, M. Babzien, C. Jing, M. Fedurin, W. Gai, A. Kanareykin,
K. Kusche, V. Yakimenko, and A. Zholents. Subpicosecond bunch
train production for a tunable mJ level THz source. Phys. Rev. Lett.,
111:134802, 2013.
[17] S. Antipov, C. Jing, M. Fedurin, W. Gai, A. Kanareykin, K. Kusche,
P. Schoessow, V. Yakimenko, and A. Zholents. Experimental
observation of energy modulation in electron beams passing
through terahertz dielectric wakefield structures. Phys. Rev. Lett.,
108:144801, 2012.
[18] S. Bielawski, C. Evain, T. Hara, M. Hosaka, M. Katoh, S. Kimura,
A. Mochihashi, M. Shimada, C. Szwaj, T. Takahashi, and
Y. Takashima. Tunable narrowband terahertz emission from mas-
tered laser-electron beam interaction. Nat. Phys., 4:390, 2008.
[19] H. Zhang, I. V. Konoplev, G. Doucas, and J. Smith. Concept of
a tunable source of coherent THz radiation driven by a plasma
modulated electron beam. Phys. Plasmas, 25, 2018.
[20] F. Lemery, P. Piot, G. Amatuni, P. Boonpornprasert, Y. Chen,
J. Good, B. Grigoryan, M. Groß, M. Krasilinikov, O. Lishilin,
G. Loisch, A. Oppelt, S. Philipp, H. Qian, Y. Renier, F. Stephan,
and I. Zagorodnov. Passive ballistic microbunching of nonultra-
relativistic electron bunches using electromagnetic wakefields in
dielectric-lined waveguides. Phys. Rev. Lett., 122:044801, 2019.
[21] S. Seletskiy, B. Podobedov, Y. Shen, and X. Yang. Seeding, control-
ling, and benefiting from the microbunching instability. Phys. Rev.
Lett., 111:034803, 2013.
[22] Z. Zhang, L. Yan, Y. Du, Z. Zhou, X. Su, L. Zheng, D. Wang, Q. Tian,
W. Wang, J. Shi, H. Chen, W. Huang, W. Gai, and C. Tang. Tun-
able high-intensity electron bunch train production based on
nonlinear longitudinal space charge oscillation. Phys. Rev. Lett.,
116:184801, 2016.
[23] P. Musumeci, R. K. Li, K. G. Roberts, and E. Chiadroni. Con-
trolling nonlinear longitudinal space charge oscillations for high
peak current bunch train generation. Phys. Rev. ST Accel. Beams,
16:100701, 2013.
[24] M. Tonouchi. Cutting-edge terahertz technology. Nat. Photon.,
1:97, 2007.
[25] E. A. Nanni, W. R. Huang, K.-H. Hong, K. Ravi, A. Fallahi,
G. Moriena, R. J. D. Miller, and F. X. Kärtner. Terahertz-driven lin-
ear electron acceleration. Nat. Comms., 6:8486, 2015.
[26] A. Sharma, Z. Tibai, J. Hebling, and J. A. Fülöp. Terahertz-driven
wakefield electron acceleration. J. Phys. B, 51(20):204001, 2018.
[27] D. Zhang, A. Fallahi, M. Hemmer, X. Wu, M. Fakhari, Y. Hua,
H. Cankaya, A.-L. Calendron, L. E. Zapata, N. H. Maitlis, and F. X.
Kärtner. Segmented terahertz electron accelerator and manipula-
tor (STEAM). Nat. Photon., 12:336, 2018.
[28] C. Jansen, S. Wietzke, O. Peters, M. Scheller, N. Vieweg, M. Salhi,
N. Krumbholz, C. Jördensa, T. Hochrein, and M. Koch. Terahertz
imaging: applications and perspectives. Appl. Opt., 49(19):E48,
2010.
[29] C. M. Watts, D. Shrekenhamer, J. Montoya, G. Lipworth, J. Hunt,
T. Sleasman, S. Krishna, D. R. Smith, and W. J. Padilla. Terahertz
compressive imaging with metamaterial spatial light modulators.
12
Nat. Photon., 8:605, 2013.
[30] E. Allaria, R. Appio, L. Badano, W. A. Barletta, S. Bassanese, S. G.
Biedron, A. Borga, E. Busetto, D. Castronovo, P. Cinquegrana,
S. Cleva, D. Cocco, M. Cornacchia, P. Craievich, I. Cudin, M. Dal
Forno, M. B. Danailov, G. D’Auria, R. De Monte, A. Demidovich,
G. De Ninno, P. Delguisto, S. Di Mitri, B. Diviacco, A. Fabris, R. Fab-
ris, W. M. Fawley, M. Ferianis, E. Ferrari, S. Ferry, L. Froehlich,
P. Furlan, G. Gaio, F. Gelmetti, L. Giannessi, M. Giannini, R. Gob-
essi, R. Ivanov, E. Karantzoulis, M. Lonza, A. Lutman, B. Mahieu,
M. Milloch, S. V. Milton, M. Musardo, I. Nikolov, S. Noe, F. Parmi-
giani, G. Penco, M. Petronio, L. Pivetta, M. Predonzani, F. Rossi,
L. Rumiz, A. Salom, C. Scafuri, C. Serpico, P. Sigalotti, S. Spamp-
inati, C. Spezzani, M. Svandrlik, C. Svetina, S. Tazzari, M. Trovò,
R. Umer, A. Vascotto M. Veronese, R. Visintini, M. Zaccaria, D. Zan-
grando, and M. Zangrando. Highly coherent and stable pulses
from the FERMI seeded free-electron laser in the extreme ultra-
violet. Nat. Photon., 6:699, 2012.
[31] E. Roussel, E. Ferrari, E. Allaria, G. Penco, S. Di Mitri, M. Veronese,
M. Danailov, D. Gauthier, and L. Giannessi. Multicolor high-gain
free-electron laser driven by seeded microbunching instability.
Phys. Rev. Lett., 115:214801, 2015.
[32] E. Roussel, E. Allaria, M. B. Danailov, S. Di Mitri, E. Ferrari, D. Gau-
thier, L. Giannessi, G. Penco, and M. Veronese. New scenarios of
microbunching instability control in electron linacs and free elec-
tron lasers. Proceedings of IPAC’17, Copenhagen, Denmark, 2017.
[33] A. S. Weling and D. H. Auston. Novel sources and detectors for
coherent tunable narrow-band teraherz radiation in free space. J.
Opt. Soc. Am. B, 13(12):2783, 1996.
[34] E. Roussel, C. Evain, M. Le Parquier, C. Szwaj, S. Bielawski,
M. Hosaka, N. Yamamoto, Y. Takashima, M. Shimada, M. Adachi,
H. Zen, S. Kimura, and M. Katoh. Transient response of rela-
tivistic electron bunches to wave-number selected perturbations
near the micro-bunching instability threshold. New J. Phys.,
16(6):063027, 2016.
[35] A. D. Brynes, I. Akkermans, E. Allaria, L. Badano, S. Brussaard,
G. De Ninno, D. Gauthier, G. Gaio, L. Giannessi, N. S. Mirian,
G. Penco, P. Rebernik, I. Setija, S. Spampinati, C. Spezzani,
M. Trovò, P. H. Williams, A. Wolski, and S. Di Mitri. Characteri-
sation of microbunching instability with 2D Fourier analysis. Sci.
Rep., 10:5059, 2020.
[36] G. Stupakov. Using the beam-echo effect for generation of short-
wavelength radiation. Phys. Rev. Lett., 102:074801, 2009.
[37] J. B. Rosenzweig, C. Pellegrini, L. Serafini, C. Ternieden, and
G. Travish. Space-charge oscillations in a self-modulated elec-
tron beam in multi-undulator free-electron lasers. Nucl. Instrum.
Meth. A, 393(2):376 – 379, 1997.
[38] P. Musumeci, R. K. Li, and A. Marinelli. Nonlinear longitudinal
space charge oscillations in relativistic electron beams. Phys. Rev.
Lett., 106:184801, 2011.
[39] J. Qiang, R. D. Ryne, M. Venturini, A. A. Zholents, and I. V.
Pogorelov. High resolution simulation of beam dynamics in elec-
tron linacs for x-ray free electron lasers. Phys. Rev. ST Accel. Beams,
12:100702, Oct 2009.
[40] Z. Huang, M. Borland, P. Emma, J. Wu, C. Limborg, G. Stupakov,
and J. Welch. Suppression of microbunching instability in the
Linac Coherent Light Source. Phys. Rev. ST Accel. Beams, 7:074401,
2004.
[41] A. D. Brynes, P. Smorenburg, I. Akkermans, E. Allaria, L. Badano,
S. Brussaard, M. Danailov, A. Demidovich, G. De Ninno, D. Gau-
thier, G. Gaio, S. B. van der Geer, L. Giannessi, M. J. de Loos, N. S.
Mirian, G. Penco, P. Rebernik, F. Rossi, I. Setija, S. Spampinati,
C. Spezzani, M. Trovò, P. H. Williams, and S. Di Mitri. Beyond
the limits of 1D coherent synchrotron radiation. New J. Phys.,
20(7):073035, 2018.
[42] P. Craievich, M. Petronio, S. G. Biedron, D. Castronovo, M. D.
Forno, S. Di Mitri, N. Faure, D. L. Civita, G. Penco, L. Rumiz, L. Stu-
rari, R. Vescovo, and D. Wang. Implementation of radio-frequency
deflecting devices for comprehensive high-energy electron beam
diagnosis. IEEE Trans. Nucl. Sci., 62(1):210, 2015.
[43] C. Evain, C. Szwaj, S. Bielawski, M. Hosaka, Y. Takashima, M. Shi-
mada, S. Kimura, M. Katoh, A. Mochihashi, T. Takahashi, and
T. Hara. Laser-induced narrowband coherent synchrotron radi-
ation: Efficiency versus frequency and laser power. Phys. Rev. ST
Accel. Beams, 13:090703, Sep 2010.
[44] Pulsar Physics. General Particle Tracer. www.pulsar.nl/gpt.
[45] M. Borland. elegant: A flexible SDDS-compliant code for accel-
erator simulation. Proceedings of ICAP’00, Darmstadt, Germany,
2000.
[46] S. Di Mitri, C. Venier, R. Vescovo, and L. Sturari. Wakefield bench-
marking at a single-pass high brightness electron linac. Phys. Rev.
Accel. Beams, 22:014401, 2019.
[47] P. Craievich, T. Weiland, and I. Zagorodnov. The short-range wake-
fields in the BTW accelerating structure of the ELETTRA LINAC.
Nucl. Instrum. Meth. A, 558(1):58, 2006.
[48] M. Borland. Simple method for particle tracking with coherent
synchrotron radiation. Phys. Rev. ST Accel. Beams, 4:070701, 2001.
[49] M. Borland. Modeling of the microbunching instability. Phys. Rev.
ST Accel. Beams, 11:030701, 2008.
[50] K. M. Hock, M. G. Ibison, D. J. Holder, A. Wolski, and B. D. Mu-
ratori. Beam tomography in transverse normalised phase space.
Nucl. Instrum. Meth. A, 642(1):36, 2011.
